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Winter storms pose numerous hazards to the Northeast United States, including rain, snow, strong wind, and flooding.
These hazards can cause millions of dollars in damages from one storm alone. This study investigates meteorological
intensity and impacts of winter storms from 2001 to 2014 on coastal counties in Connecticut, New Jersey, and New
York and underscores the consequences of winter storms. The study selected 70 winter storms on the basis of station
observations of surface wind strength, heavy precipitation, high storm tide, and snow extremes. Storm rankings
differed between measures, suggesting that intensity is not easily defined with a single metric. Several storms fell into
two or more categories (multiple-category storms). Following storm selection, property damages were examined to
determine which types lead to high losses. The analysis of hazards (or events) and associated damages using the
Storm Events Database of the National Centers for Environmental Information indicates that multiple-category
storms were responsible for a greater portion of the damage. Flooding was responsible for the highest losses, but
no discernible connection exists between the number of storms that afflict a county and the damage it faces. These
results imply that losses may rely more on the incidence of specific hazards, infrastructure types, and property values,
which vary throughout the region.
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Introduction
The Northeast United States coast is among the most
densely populated regions in the country, hosting an
array of urban centers with extensive built infras-
tructure and economic activity that spans the globe.
The populations and interconnected infrastructure
of communities located on the Atlantic and nearby
riverine coasts are exposed to assorted hazards asso-
ciated with winter storms, which are exacerbated by
rising sea levels.1–3
The New York tristate area, which here refers
to the coastal areas of New York, New Jersey, and
Connecticut, is exposed to warm-season tropical
cyclones and cold-season extratropical cyclones.
These storms exhibit similar coastal impacts in
terms of storm surge if the rare (i.e., one or two
events in the past 40 years), most extreme events are
excluded.4 Given the high frequency of extratropical
cyclones, it is important to capture the distinct social
and infrastructure vulnerabilities to winter storm
hazards in the region, especially because extratrop-
ical storms are variable in terms of their intensity,
frequency, path, precipitation types, and temper-
ature characteristics. Extratropical cyclones gener-
ate multiple impacts, including inland and coastal
flooding, wind damage, and snow inundation. The
hazards that cause these impacts are the focus of our
study.
Snowstorms lead to billions of dollars in damages
and send facets of society into disarray, claiming
lives and undercutting the transportation sector.5–8
Smith and Katz found that, from 1980 to 2011, 10
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winter storms in the United States caused over $1B
in losses each (in 2011 dollars).9 More recently, sev-
eral winter storms struck the Northeast during win-
ter 2015 with near- or record-breaking snowfall,
crippling cold, and intense winds, leading to school
closures, business shutdowns, power outages, and
serious travel disruptions.10–12
Zielinski focused on meteorological features of
winter storms to devise a classification scheme for
evaluating storm intensity and aiding in impact
prediction.8 However, he did not take losses into
account for his categorization. Instead, he concen-
trated on physical intensity and duration, and dis-
cussed possible social disruptions in general terms
and the constraints in corresponding them to the
categories.8 Alternatively, Kocin and Uccellini incor-
porated snow totals, snowfall area, and population
affected into their classification instead of relying
on meteorological or social facets alone.13 Their
classification suggests that storms causing compa-
rable snowfall accumulations in various regions are
more severe when they hit regions with higher
populations.5,13
Rooney discussed social disruptions that result
from winter storms.14 He characterized snowstorms
on the level of disruption they inflict on social sec-
tors (e.g., first order: paralyzing; second order: crip-
pling), including transportation, communication
systems, and other factors. Although Rooney did not
directly assess costs, his theory followed that first-
order storms would cause greater economic conse-
quences, since a paralyzing storm would halt travel,
trade, and other economic factors while simulta-
neously causing damage, requiring snow removal
funds, and other consequences.14 For example, a
slow-moving storm may lead to the same amount
of snow as a fast-moving storm, but the snowfall
rates will vary greatly, which is an important dis-
tinction when considering the social response.8
To enhance our knowledge of winter storm haz-
ards and the susceptibility of human systems to
their impacts, as well as how this intersection might
change in the future, we devised a ranking of storm
intensities on the basis of meteorological parame-
ters and then bridged those storm characteristics to
their financial impact and the locations where they
are concentrated. We designated wind, precipita-
tion, storm tide, and snow depth as four measures
of winter storm intensity and developed a ranking to
identify the 20 strongest storms in each category. We
subsequently compile the physical property damage
costs (not economic losses) for the storms selected
to determine if storm damages correlate with the
meteorological measures of intensity, which serves
as a foundation for extrapolating future impacts.
Coastal communities face numerous uncertain-
ties concerning future storm intensity and related
impacts, which partially stem from a disparity
between social and physical causes. Kunkel et al.
examination of winter storm catastrophes from
1949 into the 1990s hinted at a potential increase
in east coast winter storms, but stressed the influ-
ence of heightened vulnerability on the uptick in
damage.15 Barthel and Neumayer studied loss pat-
terns from 1973 to 2008 and argued that there is no
perceptible surge in winter storm losses and posited
that the “most important driver of future economic
disaster damage” is the location of assets in vul-
nerable regions.16 Thus, the existing literature dis-
agrees about trends and causes of changes in winter
weather hazards.
The uncertainties in the trends of intensity and
societal impacts highlight the need to better quantify
present-day winter storm intensity measures and the
damage they inflict on the built environment. This
study begins uncovering this relationship, and our
results aim to inform adaptation measures estab-
lished by local decision makers to prepare coastal
communities for the perils of winter storms and
enhance their resiliency in the aftermath.
Materials and methods: storm selection
Winds, precipitation, and snowfall
This study uses the Daily Summary Data from the
National Oceanic and Atmospheric Administration
(NOAA) Integrated Surface Database (ISD).17 The
ISD consists of synoptic observations from surface
weather observation stations, ranging from airports
to military bases. The Daily Summary data set is
a quality-controlled subset of the ISD provided by
the NOAA. The key variables we examine are total
24-h precipitation, sustained wind maximum, and
24-h snowfall. The NOAA defines sustained wind
maximum as the maximum of the 2-min averages
from each hourly observation reported for the day
(personal communication, Mark Lackey, NOAA).
We focus the analysis on the sustained wind max-
imum rather than the wind gust, because the for-
mer data are more frequently available for our study
period and region. For snowfall, we use the daily
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snow-depth data in the ISD and calculate daily dif-
ferences in depth to estimate the daily snowfall
amount. The ISD snow-depth data are provided
with 0.1-in accuracy. The list of stations used is pro-
vided in Table S1 and depicted in Figure S1.
Water level
The study uses the NOAA Tides and Currents
database (https://tidesandcurrents.noaa.gov/). The
data have been quality controlled and are provided
as anomalies to mean datum relative to the National
Tidal Datum Epoch (NTDE). The NTDE in this
study is 1981–2001, and the mean used is the mean
higher high water (MHHW). The NOAA website
provides the measured water level (relative to the
MHHW) and the predicted water level (relative to
zero). Therefore, we add the MHHW for each sta-
tion to the retrieved water-level data to compile the
storm tide values that we analyze. The water-level
data are provided at hourly intervals. We calculate
daily averages for our analysis, because we are inter-
ested in identifying the events that create a high
water for a sustained period. Storm tide is distinct
from storm surge in that storm surge captures only
a portion of the full water level experienced during
a storm (surge at high tide vs. surge at low tide, for
instance). Therefore, we utilize storm tide as our
water-level metric since it better indicates events
that might lead to flooding and damage. The list
of stations is included in Table S2 and depicted in
Figure S1.
Identification of extreme storms
for all categories
Station data for each of the four variables (precipi-
tation, surface wind speed, snowfall, and tide) were
averaged across all stations at each time step to cre-
ate a single time series, and the strongest 20 events
were identified. We require that events occur at
least 2 days apart to guarantee that each is asso-
ciated with a separate extratropical cyclone. For
events occurring within 5 days, the sea-level pressure
(SLP) fields from reanalysis were analyzed visually
to check whether separate, closed low-pressure sys-
tems caused the extreme events.
Storm dates were crosschecked with National
Weather Service (NWS) archives to ensure that
they encompass the full length of an event for the
entire study area.18,19 Next, we assessed the rela-
tionship between the meteorological intensity met-
rics and losses by searching storm dates in the
National Centers for Environmental Information
(NCEI) Storm Events Database to collect informa-
tion on the identified hazards and property damages
for each storm.20 We examined the database for all
counties and hazards for 1 day before the storm and
3 days after to capture all storm impacts. In the case
of successive storms, the search range was adjusted
to avoid duplication.
The Storm Events Database provides informa-
tion on reported hazards or “events” for each storm,
such as coastal flooding or heavy rain. The study’s
storm categories represent a particular hazard that
we focused on as a measure of overall storm inten-
sity, and the presence of a storm in a category means
that it ranks among the strongest for that specific
hazard (i.e., precipitation, winds, storm tide, or
snowfall). However, our rankings do not represent
all possible winter storm hazards, and all storms,
regardless of category, can experience a variety of
hazards (or events in the Storm Events Database)
simultaneously, from winds and snowfall to flood-
ing. Therefore, in the remainder of the paper, we
use the term “category” or “class” to refer to the
four characteristics that we used to rank and iden-
tify the extreme storms, and use “hazard” or “event”
to refer to the reported damage types in individual
storms in the Storm Events Database. In the present
discussion, the terms hazard and events are used
synonymously.
On the basis of data from the NCEI Storm Events
Database and documentation instructions from the
NWS, the term “event” refers to the occurrence of a
hazard in a specific location.20,21 Reports can include
the names of individual cities affected, but the offi-
cial locations listed in the reports must refer to NWS
forecast zones/counties.20 Event types reported for
the Storm Events Database are defined in NWS
Directive 10-1605 and include single hazards, like
high wind and coastal flooding, or complex events,
like blizzard and winter weather. The latter two are
similar event types that the database distinguishes
for various reasons, including when multiple haz-
ards are present, when a hazard occurs for a certain
length of time, or when conditions meet warning
criteria,21 but we synthesize similar event types in
the present study to streamline our comparisons
of hazards and associated damages. For example,
winter precipitation denotes blizzard, winter storm,
winter weather, and/or heavy snow, wind refers to
strong and/or high wind events, and coastal flood
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encapsulates any reports of coastal flooding, high
surf, and/or storm surge/tide.
Results
Meteorological characteristics
Extreme storms by category. The study focuses
on ranking of winter storms into categories on
the basis of four features of extratropical cyclones:
precipitation, surface wind speed, storm tide, and
snowfall amount in the period from 2001 to 2014,
for the months November–April. The November–
April months were chosen to focus on cold-season
extratropical storms; any hazards associated with
storms of tropical cyclone origin are excluded from
the analysis (see Ref. 4 for details on how events
are associated with tropical cyclone origins). A list
of 20 storm dates was identified for each of the four
storm feature categories (precipitation, surface wind
speed, storm tide, and snowfall amount) using the
methods outlined above.
We compared the top 20 events in each of the four
storm-ranking categories to identify any storm that
fell into more than one category. This yielded nine
storms that were placed in a new group, which we
termed multiple-category storms. The dates of these
storms were then removed from the individual
categories, leaving 18 wind, 17 precipitation, 12
storm tide, and 14 snowfall storms. In the multiple-
category class, one storm was among the top 20 in
three categories, and the other eight were among the
top 20 in two categories. The low number for indi-
vidual storm tide and snowfall events indicates that
their strongest storms often occurred simultane-
ously. It is important to note that the precipitation
category includes all precipitation types, liquid
and solid. However, even though precipitation
encompasses snowfall, the two categories contain
no overlapping storms, indicating that the precip-
itation metrics capture snow reaching the ground
far less for the heaviest precipitation events. All
storms included in this study are listed in Table S3.
There are a few notable patterns in the distribu-
tion of storm category occurrence per month (as
displayed in Fig. S2). About 45% of ranked storm
tide storms occurred in December and, owing to
the prevalence of storm tide in the multiple-category
class, the greatest portion (44.44%) of its storms also
occurred in December. The predominance of storm
tide storms in December is somewhat unexpected
(Colle et al. found an equal number of moderately
strong surge events in December and January22),
but further investigation found that this uptick in
December storm tide events was unique for the
epoch that we analyzed (2001–2014). Additional
information can be found in Table S4. The highest
percentage of snowfall storms occurred in Febru-
ary (38.10%), which is consistent with the results of
Kocin and Uccellini for snowfall events exceeding
10 in (their figs. 2–11).7 March and April experi-
enced the highest incidence of precipitation storms
(30% and 25%, respectively), while none of the top
20 precipitation events occurred in January. As with
the storm tide analysis, this result is unique to the
time period used for the study. A subsequent anal-
ysis of 1981–1996 and 1991–2006 found three and
four storms in January, respectively. However, for
each of the 16-year epochs, there is a local min-
imum in precipitation events in the cold months
(not shown). Wind storms have a more even distri-
bution across months, except April, which did not
have any storms in this category.
Analysis of typical weather metrics. A storm’s
SLP minimum is one common metric used to
provide an estimate of its strength. Therefore, we
investigated the minimum SLP for each of the
selected storms in Figure 1, using the daily mean
SLP on the date that the extreme weather event
occurred. For each storm date, the SLP field is deter-
mined, and the minimum SLP value is identified
within the region bounded by 92.5W × 57.5W and
55N × 32.5N, which is a region centered on our
study area. Figure 1A shows the distributions of the
SLP minimum (in hPa) for each storm class, includ-
ing the multiple-category class. We did not exclude
the multiple-category storms from the individual
categories, which allows the plot to show the entire
range of the pressure distribution for each storm
class and how it compared to the multiple-category
storms. The wind and snowfall storms have lower
mean values for central pressure minima, as com-
pared with those in the precipitation and storm tide
classes. However, the differences are not statistically
significant, on the basis of a Student’s t-test. The
December 26–28, 2010 storm had the lowest pres-
sure of all storms in the study (967.7 hPa), and, as
this storm created both wind and snowfall extremes,
it appears in the multiple-category class as well.
While the multiple-category designation appears
to denote an intense storm given the measures of
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Figure 1. Box plots depicting (A) sea-level pressure (SLP) minimum (hPa) distributions, (B) surface (SFC) wind maximum (m/s)
distributions, and (C) property damage distributions (in millions of dollars) for storms with damage above $0 using a logarithmic
scale. The middle line represents the median, the dashed line is the mean, box bottoms and tops represent the first and third
quartiles, edges of the whiskers denote the minima and maxima, and diamond markers signify outliers. (A) The multiple-category
class exhibits the lowest mean (987.7 hPa) but the widest distribution. Snowfall, winds, and multiple-category storms share the
lowest minimum for December 26–28, 2010. (B) Wind contains the highest mean (15.04 m/s) and shortest distribution. The
multiple-category class demonstrates much variability, with a wide interquartile range, and the remaining classes have a large
spread of weaker values. (C) The multiple-category class has the widest distribution and damage above $100M, while a few snowfall
storms led to damages above $10M.
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the mean (987.7 hPa) SLP minimum, the category
also boasts great variability and has one of the high-
est central pressure values. As a result, it is difficult
to draw deeper conclusions about the nature of its
intensity, and SLP in general may not be an illu-
minative measure of storm strength. One possible
reason for large SLP minimum variability in the
multiple-category class may be due to the fact that
its greatest contributor is the storm tide class, whose
distribution of SLP minima is at the higher end of
all the storm classes.
Another reasonable measure of winter storm
intensity is the maximum surface wind. Figure 1B
shows the distribution of maximum surface winds
(m/s) per storm class, including the multiple-
category class. The wind metric is based on the mul-
tistation average on the date of the event, which is
the same metric used to identify the strong wind
events. As we expect, the wind storm category has
the strongest winds and smallest spread among all
storms with a mean of 15.04 m/s. The multiple-
category class holds the second strongest winds in
the study, indicating that the overlapping storms in
each storm class tend to be biased toward the higher
surface wind end. The precipitation, snowfall, and
storm tide categories all have a similar distribution
of wind maxima that is much less intense than the
strong wind and multiple classes. As a result, surface
wind maximum, like the SLP minimum, is not by
itself a good indication of strong storms in general.
Property damage characteristics
Damages by storm rankings. To link the storm
strength to possible storm damages, Figure 1C
shows the distribution of the storm losses as
collected by the NCEI for each storm class. In this
case, the multiple-category storms are excluded
from the single storm class to avoid overlap in
damage depictions. It is clear that the multiple-
category and snowfall classes exhibit the widest
distributions and are composed of storms with the
highest losses. Multiple-category storm is the only
class with events that caused storm damage above
$100M, and snowfall contains a few storms with
costs surpassing $10M. The precipitation, storm
tide, and wind categories sustained much lower
damages overall. Several storms in the precipitation
and snowfall classes caused no damage. The
precipitation category experienced a higher damage
total than the storm tide and wind classes, while the
storm tide class has the lowest total, but a greater
portion of its storms led to some damage.
Even though the wind category has the most
storms and demonstrates the strongest surface
winds (Fig. 1B), it contains the smallest individ-
ual storm damage maximum value ($4,820,000)
(Fig. 1C). The multiple-category class is the costliest
class and contains the strongest winds after the wind
category, suggesting that wind speed may be a better
measure of storm impacts than minimum SLP, for
example. Snowfall storm costs followed multiple-
category storms, but its wind distribution in
Figure 1B is similar to the precipitation and storm
tide categories, which caused little damage in
the study. On the basis of these findings, wind
intensity alone is not always a fitting parameter to
extrapolate damage.
It is important to note that the damages archived
by the NCEI and the damages described in this
study focus on direct physical property damage and
do not reflect the full economic losses caused by
storms. The NCEI data include damage to both
public and private property, but reported damage
totals exclude items like overtime, debris cleanup,
and snow removal.21
The sum of the damage for all states and storms
(70 total) is $372,693,800. Figure 2A illustrates
the total damage amount for each category and
their relative contribution. Numbers in parentheses
denote the number of storms in the category.
The multiple-category class, which consists of
nine storms, contributed 63.59% of the total cost
for the storms in this study (Fig. 2A). The remaining
four storm classes together led to $135,698,300 in
total losses from 61 storms. The snowfall category
was the second costliest, making up 27.08% of the
overall damage, while storm tide was the least dam-
aging category (2.27% of the overall costs). Because
there are an uneven number of storms in each
category, the per storm loss was also estimated in
Figure 2A for each category, with multiple-category
storms showing the largest per storm loss, with
over $26M per storm, followed by snowfall.
Furthermore, 98.77% of the damage for the
multiple-category storms and 62.80% of the total
damage for all storms came from April 15–16, 2007
to March 12–15, 2010 storms, with their losses total-
ing $234,070,000 combined. March 12–15, 2010 was
the only storm to qualify for three classes (pre-
cipitation, storm tide, and wind), while all other
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Figure 2. (A) The damage amount per storm type and percentage of total damage for all storms combined. Numbers in parentheses
indicate the total number of storms that fell in that category. Multiple-category storms and snowfall storms caused the most damage
by far. Precipitation and wind storms had the most storms but caused less than 10% of the damage combined. Overlapping storms
were placed in a new class called multiple-category storms. (B) Damage per hazard contributing to the winter storm losses total for
Connecticut, New Jersey, and New York combined. Hazard refers to those reported and defined by the National Weather Service
in the Storm Events Database. A number of related hazards are reported separately, such as blizzard and heavy snow, but we have
combined them here to streamline comparisons. Each hazard type’s percent and damage dollar amount are listed. Inland flood
losses account for most of the damages, but winter precipitation is also costly.
multiple-category storms fell into two classes. The
fact that such a large percentage of the storm losses
came from a few storms is consistent with Changnon
and Changnon, who compared the national peak
loss phases and peak snowstorm frequencies for
storms between 1949 and 2000 causing more than
$35M in damages.5 They found that the two peaks
do not coincide, which suggests that the greatest
national losses did not necessarily correspond to a
higher number of storms.5
Each winter storm, whether it is classified as a
strong wind storm or heavy snowfall storm, may
incur damages in assorted hazard forms (i.e., those
reported by the NWS), such as coastal or inland
flooding, snow, or wind. Figure 2B displays the
breakdown of damage amounts for winter storm
hazards for all storms combined. A single hazard
type, inland flooding, accounted for more than 40%
($170,829,000) of the property damages associated
with winter storms in the tristate area. Many other
hazards are present, such as various forms of winter
precipitation leading to 25.5% of the total dam-
ages, coastal flood causing just over 20%, and wind
driving as little as 7% of the overall losses. Within
each storm category, however, the dominant losses
are from the particular hazards (Table 1), which
illustrates the loss percentages for each hazard per
class of storm. The wind and snowfall class losses
are overwhelmingly driven by wind and winter pre-
cipitation, respectively. The majority of the storm
tide damages are caused by coastal flooding, with
smaller amounts from wind and winter precip-
itation. Most multiple-category and precipitation
losses result from inland and coastal flooding.
For the multiple-category class in particular,
Table 2 illustrates the breakdown of damages per
hazard for each storm. All storms, except that of
December 5–7, 2003, caused some level of wind
damage. Even though the total loss from winter pre-
cipitation for all storms combined was considerable,
only two multiple-category storms sustained win-
ter precipitation damage, and it was minimal. The
brunt of the losses from the April 2007 to March
2010 storms was caused by inland and coastal flood-
ing, and only four of the nine storms had damages
above $1M.
The predominance of flood losses may be consis-
tent with previous studies that found (1) that flood
losses are among the costliest, if not the costliest,
hazard plaguing the United States23–25 and (2) sug-
gestions that flood losses are on the rise,15,23,25 albeit
perhaps owing to social forces.15,23 Interestingly,
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Table 1. Loss percentages for each hazard per storm category
Winds Precipitation Storm tide Snowfall Multiple-category storms
Coastal flood 0.00% 16.10% 82.86% 4.95% 26.85%
Flood 0.19% 69.59% 0.00% 0.00% 67.51%
Heavy rain 0.00% 12.88% 0.00% 0.00% 0.00%
Wind 99.81% 1.44% 17.05% 1.03% 5.53%
Winter precipitation 0.00% 0.00% 0.08% 94.02% 0.11%
Note: Bold values highlight the hazard with the greatest loss total within each storm category.
after flooding, the costliest hazard type was win-
ter precipitation, which encompasses several intense
hazards, such as snow and wind, suggesting again
that greater impacts often transpire when storms are
intense in multiple respects.
When looking at the distribution of reported
hazards with and without damage per storm cat-
egory (Fig. 3), wind and winter precipitation are the
most widely reported hazards across all storm types.
Coastal and inland flood reports appear common
but are less prevalent. In general, the storm clas-
sification we employed is fairly consistent with the
reported hazards (i.e., more flooding and heavy rain
events associated with precipitation storms, more
winter precipitation events for snowfall class storms,
and greater numbers of wind events associated with
wind storms). For the strong tide storms, the most
frequently reported events are strong winds, indicat-
ing a link between storm surges and coastal floods
with onshore wind. The multiple-category class pri-
marily comprises winter precipitation, wind, and
coastal flood. This pattern is logical, since these haz-
ards correspond to our storm categories at large (i.e.,
snowfall, wind, and storm tide), and the multiple-
category class groups the storms that exhibit several
of the intensity metrics we designated.
Spatial distribution of damages. Figure 4A illus-
trates the damage for each county within the study
area for all 70 storms combined. Losses are unevenly
distributed spatially. The New Jersey counties with
the highest damages, Bergen and Somerset, are not
located directly on the coast. In New York, high
losses occurred in Suffolk, a coastal county on Long
Island, and New York, which is Manhattan island of
New York City. These four counties incurred greater
than $20M in reported losses.
New Jersey incurred the highest damage, with
$232,421,800 or 62.36% of the overall damage
(Fig. 4B). Considering the large land area under
examination in New Jersey in comparison with the
other states, we also calculated the damages per unit
area (land area values provided by the U.S. Cen-
sus Bureau as square miles and converted to square
kilometers).26 The average cost per km2 in New Jer-
sey was $17,320.17. Connecticut endured the low-
est damage total of $12,891,000, which originated
primarily from the precipitation storms, while New
Jersey and New York suffered the most damage from
multiple-category storms. Connecticut’s low dam-
ages therefore support the notion that storms pos-
sessing several physical intense characteristics are
stronger and more costly.
The two costliest storms, which occurred on April
15–16, 2007 and March 12–15, 2010, spurred signif-
icant inland flood losses, followed by March 29–31,
2010. In general, inland flood losses are higher and
more widespread. Somerset and Bergen counties
























Coastal flood 0 900,000 26,000,000 0 36,000,000 0 745,000 0 0
Flood 0 0 99,200,000 0 60,800,000 0 0 0 0
Heavy rain 0 0 0 0 0 0 0 0 0
Wind 0 367,000 775,000 90,000 11,295,000 66,000 370,000 27,500 110,000
Winter precipitation 0 0 0 150,000 0 100,000 0 0 0
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Figure 3. Distribution of reported hazards in the Storm Events Database per storm category. Related hazards types are combined,
including ice storm with winter precipitation and flash flood with inland flooding. Reports with and without damage for the above
hazards are included. Winter precipitation and wind are prevalent, and coastal and inland flood reports are also common. Flood
events dominate the precipitation category, while the storm tide and multiple-category storms have roughly similar breakdowns
concentrated on wind and winter precipitation. The snowfall and wind predominantly sustain their particular hazards (i.e., winter
precipitation and wind, respectively).
sustained $63M and $52.4M, respectively, in dam-
ages from inland flooding (please refer to Fig. 4A for
county locations). Much lower were county coastal
flood losses, amounting to less than $5M, except
for Suffolk’s $64M. Even though coastal flood costs
were much less than inland flood losses, Suffolk
County’s stark damage value necessitates adaptive
action by local communities since the sea level, and
thus coastal flood threats, is rising.27,28
We cannot speak of whether the greatest driver
of inland flood damage is a physical parameter
(e.g., precipitation or storm surge) or social and
infrastructural vulnerabilities. Therefore, future
research is needed on the relationship between
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Figure 4. (A) Map of the distribution of the total damages per county for all storms combined. Somerset, Suffolk, and Bergen
counties experienced more than $50 million in losses, while New York, Atlantic, and Burlington counties faced more than $15
million in damages. Fifteen of the remaining 26 counties had damages in the $1–15 million range. Land area values were provided
by the U.S. Census Bureau (2014) as square miles and converted to square kilometers. (B) Breakdown of total property damage per
state for all storms combined. The damage amount per state and the percentage of total damage for all storms combined are listed.
the meteorological storm properties and social
conditions that contribute to flooding so that
appropriate adaptation measures can be established
to address the current vulnerabilities and the
consequences of habitual flood events expected
with climate change, especially when taking into
account enhanced precipitation predictions.28
Case studies
While it is interesting to examine the general char-
acteristics of the storm damages and the associ-
ated hazards, it is clear that these characteristics
are storm dependent. In particular, a few of the
costliest storms account for the majority of the total
damages reported in this study. This motivates us
to further examine the meteorological and damage
characteristics of each costly storm in this section.
Figure 5 shows the precipitation (TRMM-3B42) in
mm/day,29 SLP (hPa), surface winds in m/s from
ERA-Interim reanalysis,30 and cyclone tracks based
on the Hodges cyclone-tracking algorithm31 applied
to 6-h SLP fields from ERA-Interim for each of the
six costliest storms. To determine how meteorologi-
cal conditions and damage amounts correspond, we
compared the distribution of damage between haz-
ard types for each of the costliest storms (all storms
with damages above $10M) in Figure 6.
Consistent with Figure 1A, Figure 5 indicates
that center pressure appears to be a weak indicator
of storm intensity or damage amount for the winter
storms. Among the six costliest storms, only two
(January 22–23, 2005 and February 8–10, 2013)
possessed a relatively deep low-pressure center,
and 100% of their damages resulted from winter
precipitation. However, they also sustained the least
damages of the six, which suggests that pressure
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Figure 5. Plots of daily average precipitation in mm/day, sea-level pressure in hPa, and storm tracks and wind vectors in m/s
centered on 12Z on the date of interest for the costliest storms. Storm tracks are found by applying the Hodges cyclone tracking
algorithm31 to the 6-h SLP fields from the ERA-Interim reanalysis. Tracks are magenta, with the exception of the February 17, 2003
storm, which has a brown storm track line. There are no track data for the March 29–31, 2010 storm. The contour interval is 5 hPa,
and the bold contours indicate 1010 and 1020 hPa.
is not the best indicator of damage amount. For
example, the SLP for April 15–16, 2007 (Fig. 5C)
shows that the low-pressure center was relatively
weak, yet it was the most damaging storm by
far, mainly through inland and coastal flooding
(Fig. 6C). Overall, a very weak relationship (not
statistically significant at the 95th percentile) exists
between the SLP minimum (hPa) for each storm
in the study and their corresponding total damages
(not shown). The connection between the costs
of each storm and their associated SLP anomaly
(defined with respect to a daily climatology for
1979–2014) is a bit stronger, but overall, both
comparisons indicate that pressure intensity is not
a strong parameter for predicting damage intensity.
There is an absence of wind storms among the
costliest storms, except for March 12–15, 2010
(Fig. 6D), which is classified as a multiple-category
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Figure 6. Breakdown of damages per storm for the six costliest storms. The snowfall storm category boasts the greatest represen-
tation, while the storm tide and wind category are not represented individually, just through the multiple-category class. Inland
flood and winter precipitation led to the most damages among these storms, while coastal flood and wind events are present but
less damaging.
storm, with extremes in precipitation and storm
tide, in addition to wind. All of the other storms
that fell into the wind category caused less than
$5M in losses, and the percentage of wind damage
among the costliest storms was less than 4%. How-
ever, studies often discuss wind as impactful when
it occurs simultaneously with another winter storm
hazard,8,14,32 which seems to be consistent with the
March 12–15, 2010 storm and to support the notion
that the most damaging storms incorporate multi-
ple intensity metrics.
Even if wind intensity is not a strong individual
parameter for damage, wind direction, in con-
junction with a cyclone’s track, is an important
consideration in assessing damages.33 The March
12–15, 2010 storm led to costly flooding and gen-
erated intense precipitation, with the heavy rainfall
along the coast shown in Figure 5D. The winds
directed onshore toward the study area are ideally
oriented for creating a storm surge in the New York
City region.22 Additionally, the wind speeds in this
region for this storm are among the strongest for all
the storms listed, and although the coastal flooding
is a smaller percentage of the storm’s losses, the
inland flooding costs, attributed to overwhelmed
rivers, were sizable. Finally, the storm stalled off the
coast (as indicated by the abrupt end to the storm
track), allowing the winds to blow toward the study
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region for a prolonged duration. This finding is in
line with Zielinksi, who noted that the duration of
onshore winds could lead to high levels of flooding
and erosion, particularly if a storm lingers long
enough for more than one high tide.8
The station-measured wind speeds for January
22–23, 2005 (Fig. 5B) are just as strong as those on
March 12–15, 2010, but winds are blowing offshore.
The onshore winds in the vicinity of New York City
that occurred earlier in the storm life cycle were
weaker (not shown), and the path of the storm is
not typical of those that cause strong storm surges
in the New York City region.4 Consistent with this,
the 2005 storm did not lead to any flood losses.
For the February 2013 and January 2005 storms,
the cyclones’ centers began over land and then
hooked toward the north (Fig. 5B and F). The same
is true of the path for the two costly storms that gen-
erated multiple-category extremes (Fig. 5C and D).
Although the sample size is small, it raises the possi-
bility that the tracks of the winter storms, along with
the costal wind direction, may be the best indicator
of type of storm damages (flooding (Fig. 5C and D)
vs. winter weather-related damages (Fig. 5B and F))
on the basis of our analysis. This would be consistent
with the results of previous work on storm surge4
and wind storms.33
Limitations
A few caveats regarding the NCEI’s Storm Events
Database and the property damages analysis should
be discussed. NWS Directive 10-1605 advocates that
documenters enter damage amounts for all events
where possible, but the only events specifically men-
tioned as requiring a monetary value in the docu-
mentation process are floods, per a U.S. Army Corps
of Engineers mandate.21 However, Downton et al.
argue that even the flood damage information cap-
tured by Storm Data is still imperfect, since estimates
are processed quickly and published without much
verification.34 Interestingly, 86.6% of the reported
floods (coastal and inland) in our study still reported
$0 in damage. The information in the database can
come from a variety of sources, including the U.S.
Army Corps of Engineers, emergency managers, the
U.S. Geological Survey, media, utility companies, or
insurance companies, if available.21
To give credence to the data, it is important to
note that quality concerns are not unique to the
NCEI’s database. Gall et al. reviewed several data
sources, including the NCEI data, the Spatial Haz-
ard Events and Losses Database for the United
States, the Natural Hazards Assessment Network,
and the Emergency Events Database, detailing their
assorted constraints and biases.35 Restricted access,
inconsistent reporting procedures across sources,
and disparities in coverage for certain impacts are
a few of the many conditions that make examin-
ing extreme event damages difficult.36 Mentioning
winter storms specifically, Kocin et al. (referenced
by Kunkel et al.15) concur that our ability to assess
and establish firm results concerning winter storm
damages is constricted by irregular recordkeeping.37
The NCEI database does boast some benefits.
Dixon et al. contend that NCEI data are readily avail-
able, since they offer a frequently updated record of
weather events within a searchable, online catalog.38
The database also allows users to search by storm
names (e.g., Hurricane Sandy) or specified time
periods, counties, and/or hazards. Property dam-
age data are uploaded by the NWS about 75 days
after a month concludes.20 Although the accuracy of
the information provided is not always confirmed,38
we used these data owing to availability, since data
access was a major obstacle in our investigation.
Another draw to the NCEI data is that they are
offered at the county/forecast zone level, thereby
allowing us to conduct a more localized study.
Changnon and Creech stated that, although data
like NCEI’s may not be appropriate “for climatolog-
ical assessments of the time or space dimensions of
ice storms,” it might be helpful “to identify locales
with damaging conditions for use in case studies.”32
Thus, despite apparent drawbacks, the NCEI data
were useful for our goals of determining areas where
hazards are concentrated under varying storm char-
acteristics as identified by our ranking method.
Discussion
In this study, we developed a list of 70 intense
storms measured by wind strength, precipitation
amount, storm tide, and snow depth and collected
their corresponding losses as reported in the NCEI
Storm Events Database. The analysis executed
a distinct research approach by incorporating
meteorological thresholds as opposed to a damage
limit for inclusion in the analysis. The ranking
method employed led to overlap in the categories,
and therefore we created a fifth class designated as
multiple-category storms.
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Our investigation discovered that wind and
multiple-category storms exhibited the lowest SLP
minimum and mean values. However, center pres-
sure and wind strength did not consistently relate to
damage magnitude. The multiple-category class led
to the highest total and per storm damages, with the
greatest losses resulting from the April 15–16, 2007
and March 12–15, 2010 storms. The snowfall cate-
gory was the second costliest. Overall, inland floods
led to the highest damages, followed by winter pre-
cipitation. New Jersey experienced the highest losses
total, but the level of damage varied geographically
throughout the study region. It is also unclear what
combination of factors led to the high incidence of
inland flood costs.
It is important to note that this study does not
capture the strain (financial, resources, and other)
placed on coastal communities as a result of recur-
ring winter storms within a season and how that cor-
responds to vulnerability and resilience. Analyzing
the impacts of storms in close succession, in con-
junction with duration and frequency, could illu-
minate certain vulnerabilities of locations given the
stress on society and infrastructure. As Kunkel et al.
state, “the impact of individual snowstorms is often
immediate and dramatic, but the cumulative effects
of all snowstorms in a season can also be costly and
disruptive.”39 Klawa and Ulbrich uncovered that
substantial losses can result from an aggregate of
weaker, recurrent events as they examined insured
storm losses in Germany from 1970 to 1997.40
Overall, our results demonstrate that devising a
single definition or classification of storm intensity
and associated impacts proves difficult. The uneven
breakdown of storms between categories and the
disparity in damages between categories demon-
strates that intensity is not uniform across physical
characteristics, and thus the measure of financial
impacts will vary as well. We found that storms
inflicting the greatest financial impact are those
that are meteorologically intense in several respects.
This result appears logical, but it is important to
pay attention to the common characteristics of
these intense storms to get a sense of what specific
commonalities translate to high losses. As an indi-
vidual parameter, the snowfall class was the second
costliest; containing three of the six costliest storms,
thereby demonstrating that snowfall intensity is
directly related to high costs. On the other hand, the
storm tide category (i.e., storm tide extremes that
occur in isolation from the other extremes) overall
caused the least damage, but, since it is so widely
present in the multiple-category class, storm tide
may inflict damage primarily when exacerbated by
another intensity metric.
Nevertheless, the evidence of impacts provided
here can serve as a baseline for the effects of cer-
tain storm strength characteristics, such as signifi-
cant damages transpiring from a storm that exceeds
intensity criteria for several hazards (i.e., multiple-
category storms). However, a more in-depth analy-
sis of the relationship between storm strength and
social characteristics is needed to determine what
parameters or conditions influence winter storm
damages the most, particularly costly flood losses.
Depending on when and where extreme winter
storms occur, damages will result if the infrastruc-
ture or community is not capable of withstanding
specific hazards. Knowledge and perception of the
risks and how they influence preparations must be
taken into account with the meteorological param-
eters to predict and assess impacts; precipitation
amount or other physical parameters alone do not
denote a specific level of “disruption.”8,14
The 2015 winter season brought numerous
intense storm systems to the Northeast that trav-
eled through the area over the span of several
weeks, causing damages and outages, and interrupt-
ing transportation, business, and education.10–12 We
need to think creatively about which adaptation
measures addressing infrastructure and resources
will enable communities in the tristate region to
reduce future winter storm damages in the face
of increasing climate-related risks and prevent any
standstills when a flurry of storms travels up the
coast. Society can mitigate its own hazard losses, but
decision makers need to understand the sources of
vulnerability, resilience, and the costliest or riskiest
storm characteristics to make appropriate and effec-
tive policy decisions. Continued interdisciplinary
research will prove indispensable for sustainable
planning, since it relies on knowing what meteo-
rological parameters lead to damage, where they are
concentrated, and what sort of societal changes have
and will influence those values.
Acknowledgments
This work was supported by the Lamont-Doherty
Earth Observatory, Contribution Number 8114.
The authors acknowledge support from the
14 Ann. N.Y. Acad. Sci. xxxx (2017) 1–16 C© 2017 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals Inc. on behalf of The New York Academy of Sciences.
Shimkus et al. Winter storm intensity
Research Opportunities in Space and Earth Sci-
ence ROSES-2012 NASA Grant NNX14AD48G.
Shimkus, Ting, and Kushnir are partially supported
by the Office of Naval Research MURI Grant 511
N00014-12-1-0911, and Shimkus is also supported
by the Lamont Climate Center Award and the Earth
Institute Cross Cutting Initiatives at Columbia Uni-
versity. We acknowledge the National Centers for
Environmental Information for maintaining the
Storm Events Database and Yunziyi Lang for assis-
tance with data collection and analysis. Cari E.
Shimkus was responsible for hazards and property
damage data collection. Mingfang Ting provided
expertise on winter storm characteristics and dam-
ages. James F. Booth devised the storm-intensity
ranking method and was responsible for storm
identification and analysis of the weather station,
reanalysis, and satellite data. Susana Adamo pro-
vided expertise on social vulnerability and map-
ping. Malgosia Madajewicz provided expertise on
social vulnerability and resiliency. Yochanan Kush-
nir provided expertise on winter storm tracking and
meteorological characteristics of storms. Harald E.
Rieder assisted with storm-intensity ranking.
Supporting Information
Additional supporting information may be found
in the online version of this article.
Figure S1. Map of stations used to identify pre-
cipitation, snowfall, and wind storms (Table S1)
and stations used to identify storm tide storms
(Table S2).
Figure S2. Breakdown of storm-type incidence per
month. December experienced the most storms in
total, with the greatest number of storm tide, wind,
and multiple-category storms. January, February,
and March also saw an equal number of wind
storms. Snowfall storms were by far more prevalent
in February, followed by January. Seasonal transi-
tion/spring months (November, March, and April)
also saw more precipitation storms, which were
absent or minimal during the winter months.
Table S1. Stations used to identify precipitation,
snowfall, and wind storms.
Table S2. Stations used to identify storm tide storms.
Table S3. List of 70 storms included in the study and
their associated search ranges.
Table S4. Distribution by month for the top 20 storm
tide events.
Competing interests
The authors declare no competing interests.
References
1. Cox, J., C. Rosenzweig, W. Solecki, et al. 2006. Social vul-
nerability to climate change: a neighborhood analysis of
the Northeast U.S. megaregion. Northeast Climate Change
Impact Study. Union of Concerned Scientists. Accessed May
2, 2017. http://www.ucsusa.org/sites/default/files/legacy/
assets/documents/global_warming/pdf/tech/cox_et_al.pdf.
2. Paterson, S., A. O’Donnell, D. Loomis & P. Hom. 2010.
The social and economic effects of shoreline change: North
Atlantic, South Atlantic, Gulf of Mexico, and Great Lakes
regional overview. Final report. Human Dimensions of
Natural Resource Management Research Unit, Department
of Natural Resources Conservation, University of Mas-
sachusetts Amherst.
3. Horton, B.P., S. Rahmstorf, S.E. Engelhart & A.C. Kemp.
2014. Expert assessment of sea-level rise by AD 2100 and
AD 2300. Q. Sci. Rev. 84: 1–6.
4. Booth, J.F., H. Reider & Y. Kushnir. 2016. Comparing hurri-
cane and extratropical storm surge for the Mid-Atlantic and
Northeast Coast of the United States for 1979–2013. Environ.
Res. Lett. 11: 9.
5. Changnon, S.A. & D. Changnon. 2006. A spatial and tem-
poral analysis of damaging snowstorms in the United States.
Nat. Hazards 37: 373–389.
6. Kocin, P., N. Schumacher, R.F. Morales, Jr. & L.W. Uccellini.
1995. Overview of the 12–14 March 1993 superstorm. Bull.
Am. Meteorol. Soc. 76: 165–182.
7. Kocin, P.J. & L.W. Uccellini. 2004. Northeast Snowstorms. Vol.
1: Overview. Boston: American Meteorological Society.
8. Zielinski, G.A. 2002. A classification scheme for winter
storms in the eastern and central United States with an
emphasis on nor’easters. Bull. Am. Meteorol. Soc. 83: 37–
51.
9. Smith, A.B. & R.W. Katz. 2013. US billion-dollar weather and
climate disasters: data sources, trends, accuracy and biases.
Nat. Hazards 67: 387–410.
10. Almasy, S. & F. Karimi. 2015. Boston has its snowiest month
on record. February 15, 2015. Accessed March 3, 2015.
http://www.cnn.com/2015/02/15/us/weather-winter-storm/
index.html.
11. Karimi, F. 2015. Another winter storm barrels toward
an already-buried Northeast. February 8, 2015. Accessed
March 3, 2015. http://www.cnn.com/2015/02/08/us/north
east-snow/index.html.
12. Sullivan, B.K. 2015. Storm cancels flights as snow hits




13. Kocin, P.J. & L.W. Uccellini. 2004. A snowfall impact scale
derived from Northeast storm snowfall distributions. Bull.
Am. Meteorol. Soc. 85: 177–194.
15Ann. N.Y. Acad. Sci. xxxx (2017) 1–16 C© 2017 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals Inc. on behalf of The New York Academy of Sciences.
Winter storm intensity Shimkus et al.
14. Rooney, J.F., Jr. 1967. The urban snow hazard in the United
States: an appraisal of disruption. Geogr. Rev. 57: 538–559.
15. Kunkel, K.E., R.A. Pielke, Jr. & S.A. Changnon. 1999. Tempo-
ral fluctuations in weather and climate extremes that cause
economic and human health impacts: a review. Bull. Am.
Meteorol. Soc. 80: 1077–1098.
16. Barthel, F. & E. Neumayer. 2012. A trend analysis of normal-
ized insured damage from natural disasters. Clim. Change 2:
215–237.
17. Smith, A., N. Lott & R. Vose. 2011. The integrated surface
database: recent developments and partnerships. Bull. Am.
Meteorol. Soc. 92: 704–708.
18. National Weather Service (NWS). 2014. Significant events
archive. New York. National Weather Service Forecast
Office. Last accessed December 4, 2015. http://www.erh.
noaa.gov/okx/stormtotals.html.
19. National Weather Service (NWS). 2014. Weather event
archive. Philadelphia/Mount Holly, NJ. National Weather
Service Forecast Office. Last accessed December 4, 2015.
http://www.erh.noaa.gov/phi/archives.html.
20. National Centers for Environmental Information (NCEI).
2015. Storm events database. National Oceanic and Atmo-
spheric Administration. Last accessed December 15, 2015.
http://www.ncdc.noaa.gov/stormevents/.
21. National Weather Service (NWS). 2007. Storm data
preparation. National Weather Service Instruction 10-
1605. National Oceanic and Atmospheric Administration.
Last accessed April 18, 2017. https://www.ncdc.noaa.gov/
stormevents/pd01016005curr.pdf.
22. Colle, B.A., K. Rojowsky & F. Buonaito. 2010. New York
City storm surges: climatology and an analysis of the wind
and cyclone evolution. J. Appl. Meteor. Climatol. 49: 85–
100.
23. Changnon, S.A. 2003. Shifting economic impacts from
weather extremes in the United States: a result of societal
changes, not global warming. Nat. Hazards 29: 273–290.
24. Changnon, S.A., R.A. Pielke, Jr., D. Changnon, et al. 2000.
Human factors explain the increased losses from weather
and climate extremes. Bull. Am. Meteorol. Soc. 81: 437–
442.
25. Changnon, S.A. & G.J.D. Hewings. 2001. Losses from
weather extremes in the United States. Nat. Haz. Rev. 2:
113–123.
26. U.S. Census Bureau. 2014. State and county quick-
facts. Last accessed December 15, 2014. http://quickfacts.
census.gov/qfd/index.html.
27. Gornitz, V., S. Couch & E.K. Hartig. 2002. Impacts of sea level
rise in the New York City metropolitan area. Glob. Planet.
Chang. 32: 61–88.
28. IPCC. 2014. Climate change 2014: synthesis report.
Contribution of working groups I, II and III to the fifth
assessment report of the Intergovernmental Panel on
Climate Change. Core Writing Team, R.K. Pachauri &
L.A. Meyer, Eds. IPCC, Geneva. Accessed June 26, 2015.
https://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_
AR5_FINAL_full.pdf.
29. Huffman, G.J. et al. 2007. The TRMM multisatellite precipi-
tation analysis (TMPA) quasi-global, multi-year, combined-
sensor precipitation estimates at fine scales. J. Hydrometeorol.
8: 38–55.
30. Dee, D.P. et al. 2011. The ERA-Interim reanalysis: configu-
ration and performance of the data assimilation system. Q.
J. R. Meteorol. Soc. 137: 553–597.
31. Hodges, K.I. 1999. Adaptive constraints for feature tracking.
Mon. Weather Rev. 127: 1362–1373.
32. Changnon, S.A. & T.G. Creech. 2003. Sources of data on
freezing rain and resulting damages. J. Appl. Meteorol. 42:
1514–1518.
33. Booth, J.F., H.E. Rieder, D.E. Lee & Y. Kushnir. 2015. The
paths of extratropical cyclones associated with wintertime
high-wind events in the northeastern United States. J. Appl.
Meteor. Climatol. 54: 1871–1885.
34. Downton, M.W., J.Z.B. Miller & R.A. Pielke, Jr. 2005. Reanal-
ysis of U.S. National Weather Service flood loss database. Nat.
Haz. Rev. 6: 13–22.
35. Gall, M., K.A. Borden & S.L. Cutter. 2009. When do losses
count? Six fallacies of natural hazards loss data. Bull. Am.
Meteorol. Soc. 90: 799–809.
36. Changnon, S.D. 2003. Measures of economic impacts of
weather extremes: getting better but far from what is
needed—a call for action. Bull. Am. Meteorol. Soc. 84: 1231–
1235.
37. Kocin, P.J., L.W. Uccellini, K.F. Brill & M. Zika. 1998. North-
east snowstorms: an update. Preprints. In 16th Conference on
Weather Analysis and Forecasting. 421–423. American Mete-
orology Society, Phoenix, AZ.
38. Dixon, P.G., D.M. Brommer, B.C. Hedquist, et al. 2005.
Heat mortality versus cold mortality: a study of conflict-
ing databases in the United States. Bull. Am. Meteorol. Soc.
86: 937–943.
39. Kunkel, K.E. et al. 2013. Monitoring and understanding
trends in extreme storms: state of knowledge. Bull. Am. Mete-
orol. Soc. 94: 499–514.
40. Klawa, M. & U. Ulbrich. 2003. A model for the estima-
tion of storm losses and the identification of severe win-
ter storms in Germany. Nat. Haz. Earth Syst. Sci. 6: 725–
732.
16 Ann. N.Y. Acad. Sci. xxxx (2017) 1–16 C© 2017 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals Inc. on behalf of The New York Academy of Sciences.
